Abstract-High-throughput screening (HTS) has become an integral part of academic and industrial efforts aimed at developing new chemical probes and drugs. These screens typically generate several 'hits', or lead active compounds, that must be prioritized for follow-up medicinal chemistry studies. Among primary considerations for ranking lead compounds is selectivity for the intended target, especially among mechanistically related proteins. Here, we show how the chemical proteomic technology activity-based protein profiling (ABPP) can serve as a universal assay to rank HTS hits based on their selectivity across many members of an enzyme superfamily. As a case study, four metalloproteinase-13 (MMP13) inhibitors of similar potency originating from a publically supported HTS and reported in PubChem were tested by ABPP for selectivity against a panel of 27 diverse metalloproteases. The inhibitors could be readily separated into two groups: (1) those that were active against several metalloproteases and (2) those that showed high selectivity for MMP13. The latter set of inhibitors was thereby designated as more suitable for future medicinal chemistry optimization. We anticipate that ABPP will find general utility as a platform to rank the selectivity of lead compounds emerging from HTS assays for a wide variety of enzymes.
Introduction
High-throughput screening (HTS) has emerged as a powerful means to discover chemical entities that perturb the function of proteins. 1, 2 The 'hits', or lead compounds, that emerge from HTS efforts are typically subject to medicinal chemistry optimization to improve potency and selectivity, as well as suitable in vivo properties (stability, distribution, etc.). These follow-up chemistry efforts require a significant investment of time and resources, and there is therefore much interest in developing methods to first rank HTS hits for desired properties. The HTS assay itself can be used to determine the relative potency of hits (e.g., IC 50 values for inhibitors of an enzyme). However, these assays do not address the selectivity of lead compounds, which is a more challenging parameter to rapidly and systematically assess. Selectivity is particularly important for proteins such as enzymes, which often belong to superfamilies that possess many members related by sequence and mechanism. Although preliminary estimates of selectivity can be generated by targeted counter-screening against nearest sequence-neighbor enzymes (assuming the availability of substrate assays), it is becoming increasingly clear that very distantly related members of enzyme classes can still share considerable overlap in their inhibitor sensitivity profiles. [3] [4] [5] [6] Thus, the need for advanced methods to determine the class-wide selectivity of lead inhibitors is apparent.
An emerging platform to evaluate the selectivity of enzyme inhibitors is competitive activity-based protein profiling (ABPP). [3] [4] [5] [6] [7] [8] ABPP is a chemical proteomic method that uses active site-directed small-molecule probes to profile the functional state of enzymes directly in complex biological systems. 9, 10 In competitive ABPP, inhibitors are evaluated for their ability to compete with probes for binding to enzyme active sites, which results in a quantitative reduction in probe labeling intensity. Competitive ABPP offers several advantages over conventional inhibitor screening methods. First, enzymes can be tested in virtually any biological preparation, including as purified proteins or in crude cell/tissue proteomes. [3] [4] [5] [6] [7] [8] Second, probe labeling serves as a uniform format for screening, thereby alleviating the need for individualized substrate assays and permitting the analysis of enzymes that lack known substrates. 11, 12 Finally, because ABPP tests inhibitors against many enzymes in parallel, potency and selectivity factors can be simultaneously assigned to these compounds. [3] [4] [5] [6] [7] 11, 12 To date, competitive ABPP has been applied to optimize the selectivity of inhibitors for well-studied enzymes [3] [4] [5] [6] [7] as well as to discover inhibitors for uncharacterized enzymes. 11, 12 In these cases, the inhibitors under examination originated from targeted medicinal chemistry efforts or modest-sized libraries of compounds. Here, we set out to test whether this method could be used to rank the selectivity of lead inhibitors emerging from publically supported HTS efforts. As a model study, we chose to analyze a set of lead compounds emerging from a screen for inhibitors of matrix metalloprotease 13 (MMP13). MMP13 is implicated in a number of diseases, including cancer, heart failure, and osteoarthritis. 13 While many MMP inhibitors have been developed, most have failed in clinical trials, likely due, at least in part, to a lack of selectivity among the more than 100+ metalloproteases (MPs) found in the human proteome. 14, 15 The key role of MMP13 in disease, combined with the difficulty of developing selective inhibitors for the MMP family, designated this enzyme as an excellent candidate for competitive ABPP.
Results

Competitive ABPP for the quantitation of MMP13 inhibition
Approximately 60,000 compounds were previously assayed for MMP13 inhibition by the laboratory of Gregory Fields in collaboration with the Molecular Library Screening Center Network (MLSCN A more detailed analysis of the inhibition curves revealed that, while compounds 2-4 produced an essentially complete blockade of probe labeling at the highest concentrations tested, the inhibition of MMP13 by compound 1 peaked at 70% (Fig. 3A) . A similar finding was observed using substrate assays (Fig. 3B ), indicating that 1 may inhibit MMP13 by a distinct mechanism from compounds 2-4. Consistent with this premise, the Fields group found that compound 1 (designated compound Q in their accompanying manuscript 16 ) was the only inhibitor that proved more effective against MMP13 triple-helical peptidase activity compared with MMP13 single-stranded peptidase activity, 16 possibly indicating an interaction with an exosite involved in MMP13 collagen-binding.
Optimization of competitive ABPP for a large panel of MPs
Having confirmed that the inhibitory activity of 1-4 for MMP13 can be measured by competitive ABPP, we next prepared a panel of diverse MPs for selectivity analysis. Thirty-one commercially available human recombinant MPs were selected, including 15 MMPs, eight ADAMs (a disintegrin and metalloproteases) and ADAMTSs (ADAMs with thrombospondin motifs), and eight more distantly related MPs [puromycin-insensitive leucylspecific aminopeptidase (PILSAP), leukocyte-derived arginine aminopeptidase (L-RAP), neprilysin, angiotensin-converting enzyme 2 (ACE2), methionyl aminopeptidase 2 (METAP2), aminopeptidase P1 (APP1), aminopeptidase A (APA), and aminopeptidase P2 (APP2). Twenty of the MPs showed clear evidence of active site labeling under a single set of conditions MPs showed active site labeling with higher concentrations of enzyme and probe (1.6 and 20 lM, respectively). Three enzymes (ADAMTS4, MMP9, and neprilysin) showed poor labeling with HxBPyne, but could be labeled by a related MP probe, HxBP-Rh 5 ( Fig. 2) . The four remaining enzymes (APA, MMP17, ADAM9, and APP2) were not efficiently labeled under any of the attempted conditions and were therefore excluded from competitive ABPP analysis. In summary, we determined that 27 distinct MPs could be profiled by competitive ABPP using three general sets of reaction conditions.
Selectivity profiles of MMP13 inhibitors
To evaluate the selectivity of 1-4 against the MP panel, these inhibitors were assayed by competitive ABPP at 200 lM, a concentration that was 10-fold higher than the IC 50 values observed for MMP13 inhibition. The inhibitors showed markedly distinct activities against Figure 2 ). In contrast, the pyrimidine-based inhibitors 1 and 2 displayed remarkable selectivity for MMP13 and did not compete for probe labeling with any of the additional MP targets.
To confirm that the inhibitory profiles determined by competitive ABPP were consistent with those determined by conventional assays, we selected two 'off-target' enzymes (MMP 8 and 9) with disparate profiles and characterized their sensitivity to 1-4 using a quenched fluorogenic peptide substrate assay ( Fig. 5 and Table 2 ). Consistent with the competitive ABPP data, MMP8 was inhibited by 3 and 4, while MMP9 was blocked by 3, but only weakly affected by 4 ( Fig. 6 and Table 2 ). Compounds 1 and 2 showed negligible activity against MMP8 and MMP9 at concentrations up to 100 lM (<50% inhibition), which contrasted sharply with their low-lM IC 50 values for MMP13. These data collectively designate 1 and 2 as highly selective inhibitors of MMP13 and attractive leads for further medicinal chemistry pursuits.
Discussion
High-throughput screening (HTS) provides a means to rapidly identify lead inhibitors of enzymes, but this method does not address the important issue of target selectivity. Traditionally, selectivity has been tested by counter-screening against a small panel of sequence-related enzymes using conventional substrate assays. However, this approach is inherently limited for multiple reasons. First, sequence relatedness is not necessarily a good predictor of active site homology. Indeed, many examples now exist of distantly related enzymes showing considerable overlap in their inhibitor sensitivity profiles. [3] [4] [5] [6] Second, most enzyme superfamilies in the human proteome contain uncharacterized members for which substrate assays are not yet available. Even for relatively well-studied enzymes, convenient substrate assays are often lacking. In the case of the MPs examined herein, multiple enzymes (e.g., MMP11, ADAM12, ADAMTS1, ADAMTS4, and ADAMTS5), are typically assayed using macromolecular substrates, which must be run out on SDS-PAGE gels, Coomassie stained or western blotted, and quantitated by chemiluminescence. [20] [21] [22] We also found that screening the remainder of our MP panel required at least eight different fluorogenic peptide substrates. Thus, to survey the total number of enzymes evaluated in this study by conventional methods would have required more than 10 distinct assay formats.
Due to the limitations imposed by conventional substrate assays, competitive ABPP has emerged as a powerful strategy to profile the selectivity of inhibitors across many members of enzyme superfamilies. Here, we have shown that a diverse panel of MPs can be analyzed by competitive ABPP. Only three conditions were required to obtain inhibition profiles for a panel of 27 enzymes spanning six subfamilies (M1, M2, M10, M12, M13, and M24) of MPs. We assayed this MP panel against four compounds (1-4) identified as inhibitors of MMP13 in a recent MLSCN-supported HTS.
Competitive ABPP neatly segregated the tested compounds into two groups. The pyrimidine scaffold compounds 1 and 2 were highly selective for MMP13. On the other hand, compounds 3 and 4 showed broad activity against several MPs in the ABPP assays, an observation that was confirmed via substrate assays (Fig. 6 ). These data match quite well those generated by the Fields group, who has analyzed lead MMP13 inhibitors against a panel of MMPs using substrate-based assays. 16 We speculate that the promiscuity of compounds 3 and 4 may be due to their shared carboxylic acid moiety, which is a potential site for coordination to the conserved zinc atom in MP active sites. 23 It is also notable that the off-target hits observed for 3 and 4 were not re- stricted to MMPs, but also included enzymes that display little or no sequence homology to MMP13 (e.g., ADAMTSs). In contrast, the remarkable selectivity displayed by 1 and 2 designates these agents as attractive leads for future medicinal chemistry pursuits aimed at developing pharmacologically useful MMP13 inhibitors. It is particularly noteworthy that competitive ABPP further designated compound 1 as an unusual inhibitor due to its inability at high concentrations to completely block probe labeling. This inhibitor was also found by the Fields group to display the atypical feature of being more effective against MMP13 triple-helical peptidase activity compared with MMP13 single-stranded peptidase activity, suggesting that it may bind to an MMP13 exosite. 16 These data thus underscore the versatility of competitive ABPP as a secondary screening assay to discern not only the selectivity of lead compounds, but also to gain insights into their mechanism of action.
While we have demonstrated the utility of competitive ABPP for assessing MP inhibitor selectivity, this approach is not limited to the MP enzyme class. ABPP probes have been developed for a diverse range of enzyme families, 10 and several of these probes have been used in a competitive fashion to identify enzyme inhibitors. [3] [4] [5] [6] [7] [8] 11, 12 One important point to consider in using competitive ABPP to assess inhibitor selectivity is that the IC 50 values generated with this approach may differ from true binding constants, especially in cases where the probe displays high binding affinity for enzyme targets. This issue is most relevant for photoreactive ABPP probes, such as the MP-directed probes described herein, which often must be included at concentrations at or above their binding affinity to achieve efficient levels of UV light-induced labeling of enzyme targets. Thus, the IC 50 values for MMP13 inhibitors (3.8-27 lM) measured by competitive ABPP were 10-to 15-fold higher than those calculated from substrate assays (0.28- 1.6 lM), a shift that could mostly be accounted for by the concentration of the HxBPyne probe cocktail used in the assays (100 nM), which was fivefold higher than the IC 50 value of the probes for MMP13 inhibition (20 nM) (in contrast, substrate assays were conducted with substrate concentrations equal to K m ). These issues are less of a concern for electrophilic ABPP probes, such as the fluorophosphonates and acyl-phosphates, which label serine hydrolases 24, 25 and kinases, 26 respectively, as such 'reactivity-driven' probes are typically used at concentrations far below their binding affinity for enzyme targets. Regardless, the shifts in IC 50 values that may be observed in competitive ABPP assays can be readily accounted for, as described above for MMP13, and, therefore, do not hinder the utility of this method for evaluating inhibitor selectivity across enzyme superfamilies.
There are some limitations to the ABPP approach described herein that should be mentioned. First, only commercially available MPs were screened in the current study. Purified enzymes, rather than cell lysates were chosen because cells contain many inhibitors that regulate the activity of endogenous MPs. However, ABPP has been successfully performed in native proteomes for several MPs, 5, 17 as well as many other enzyme classes. 10 Projecting forward, it would be of great value to assemble a set of proteomes that collectively contain the majority of mammalian MPs in active form. One way to do this would be to screen numerous tissue proteomes to identify sources that display complementary endogenous MP activity profiles. An alternate strategy would be to establish cell lines that overexpress individual recombinant MPs and apply ABPP to the lysates of these cells. Recent success in profiling a large fraction of the serine hydrolase superfamily as recombinant proteins in transfected cellular proteomes supports the general viability of this approach. 27 Our competitive ABPP analysis was also restricted to enzymes from the same mechanistic class as MMP13. It is formally possible that the identified inhibitors could target non-MPs. To address this concern, probes for additional classes of enzymes could be incorporated into competitive ABPP screens. For example, ABPP probes have been developed for histone deacetylases, another zinc-dependent metalloenzyme family, 28 as well as all the major classes of proteases. 10 
Conclusion
This study showcases the utility of competitive ABPP to prioritize lead inhibitors of MMP13 based on selectivity across a large panel of MPs. While the MMP13 inhibitors analyzed herein originated from HTS, competitive ABPP should be applicable to a wide range of medicinal chemistry efforts. Furthermore, considering that ABPP probes are now available for numerous enzyme classes, we anticipate that the methods described herein will emerge as a preferred strategy to accelerate the conversion of HTS hits into selective chemical probes for biological investigations. MMP15, MMP16, MMP17, MMP24, ADAM17, and ADAMTS4 were purchased from EMD Biosciences (San Diego, CA). Human recombinant ADAM8, ADAM9, ADAM10, ADAMTS1, ADAMTS5, PIL-SAP, L-RAP, neprilysin, METAP2, APA, APP1, and APP2 were purchased from R&D Systems (Minneapolis, MN). ADAM8 was activated by incubating the enzyme at 37°C for 5-7 days (per manufacturer's protocol); all other enzymes were used as received.
Competitive ABPP with HxBPyne probes
Two sets of conditions were employed for competitive ABPP experiments with HxBPyne probes. For MMP1, MMP2, MMP3, MMP7, MMP8, MMP10, MMP11, MMP12, MMP13, MMP14, MMP15, MMP16, MMP24, ADAM8, ADAM10, ADAM17, ADAMTS1, ADAMTS5, PILSAP, and L-RAP, the enzyme was diluted to a final concentration of 0.5 lM in a background proteome of mouse liver soluble proteome (1 mg protein/mL in PBS). HxBPyne probe cocktail was added to the sample (final total probe concentration: 0.5 lM) in the presence of 5 lM HxBPane competitor, 200 lM inhibitors 1-4, or DMSO alone. For ADAM12, ACE2, METAP2, and APP1, the metalloprotease was diluted to a final concentration of 1.6 lM in PBS. The mouse liver proteome was omitted from these samples because the MPs co-migrated with endogenous mouse liver protein bands on SDS-PAGE gels. The HxBPyne probe cocktail was added to the sample (final concentration: 20 lM) in the presence of 200 lM HxBPane competitor, 200 lM inhibitor, or DMSO alone. The samples were arrayed in a 96-well plate, preincubated on ice for 30 min, and irradiated on ice at 365 nm for 1 h using a Spectroline ENF 260C UV lamp. After UV crosslinking, rhodamine-azide (final concentration: 12.5 lM), TCEP (final concentration: 500 lM), and ligand (final concentration: 100 lM) were added. The samples were mixed and the azide-alkyne cycloaddition reaction initiated by the addition of Cu 2 SO 4 (final concentration: 1 mM). The reactions were incubated at room temperature in the dark for 1 h, after which 2· SDS-PAGE loading buffer was added. The samples were separated by SDS-PAGE on 10% or 14% gels, and visualized by in-gel fluorescence scanning using a Hitachi FMBio IIe flatbed scanner (MiraiBio, Alameda, CA). Labeled proteins were quantified by measuring the integrated band intensities (normalized for volume). Control samples (DMSO alone) were considered 100% activity and inhibitor-treated samples were expressed as a percentage of the remaining activity.
IC 50 values for the inhibitors against MMP13 were determined using 0.1 lM probe, 0.93 lM enzyme, and 0.1-100 lM inhibitor concentration. The activity observed using 0.1 lM inhibitor was set as 100% activity. IC 50 values were determined by fitting the data from replicate trials (n = 3) to a sigmoidal dose-response curve with variable slope using GraphPad Prism (GraphPad Software, San Diego, CA). For inhibitor 1, for which partial inhibition was observed, the bottom of the curve was not constrained to zero and the EC 50 value was reported.
Competitive ABPP with HxBP-Rh probe
MP enzymes were diluted to a final concentration of 0.5 lM in PBS (for ADAMTS4 and neprilysin) or in a background proteome of mouse liver soluble proteome (1 mg protein/mL in PBS) (for MMP9). HxBP-Rh probe was added to the sample (final concentration: 0.5 lM) in the presence of 200 lM HxBP-alkyne, 200 lM inhibitor, or DMSO alone. The samples were placed in the wells of a 96-well plate, preincubated on ice for 30 min, and irradiated for 1 h on ice at 365 nm using a Spectroline ENF 260C UV lamp. After UV crosslinking, the samples were deglycosylated with peptide N-glycosidase F (PNGaseF) (New England Biolabs, Beverly, MA) using previously described procedures. 25 The samples were separated by SDS-PAGE and visualized using the methods described above.
Fluorogenic substrate assay
Fluorogenic substrate assays were performed in triplicate at room temperature in black 96-well plates. The enzyme (final concentration: 6 nM for MMP8, 2 nM for MMP9, 1.5 nM for MMP13) and inhibitor solutions were preincubated in assay buffer (50 mM HEPES buffer at pH 7.5 containing 10 mM CaCl 2 , 0.05% Brij-35) for 30 min. After the addition of the fluorescence-quenched peptide substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH 2 (final concentration 5 lM), the hydrolysis was monitored by following increase in fluorescence at 393 nm (k ex = 328 nm) at 1 min time intervals for 10 min using a SpectraMax Gemini microplate reader (Molecular Devices, Sunnyvale, CA). The initial rates of reaction were determined with a linear least-square method. IC 50 values were determined by fitting data to a sigmoidal dose-response curve with variable slope using GraphPad Prism (GraphPad Software, San Diego, CA). For inhibitor 1, for which partial inhibition was observed, the bottom of the curve was not constrained to zero and the EC 50 value was reported.
